Turner MJ, Kawada T, Shimizu S, Fukumitsu M, Sugimachi M. Differences in the dynamic baroreflex characteristics of unmyelinated and myelinated central pathways are less evident in spontaneously hypertensive rats.
THE ARTERIAL BAROREFLEX HAS been considered to be the primary short-term neural regulator of arterial pressure (AP) because deafferentiation does not result in sustained AP elevation in the long term (5) . However, recent studies indicate the involvement of the arterial baroreflex in long-term regulation of AP (17, 26) . Clinical trials (3, 9, 10) using electrical activation of the carotid sinus baroreflex [baroreflex activation therapy (BAT)] have recently demonstrated lowering of AP in patients with drug-resistant hypertension for up to 3 yr (1) . BAT bypasses the mechanical transduction process of baroreceptor sensory endings and directly generates action potentials in baroreceptor axons, thereby avoiding adaptation to sustained pressure input at the baroreceptor level (18) . While bypassing mechanical transduction can in part explain the effectiveness of BAT, the central pathway from electrical stimulation of the baroreceptor afferents to efferent sympathetic nerve activity (SNA) may also play an important role in BAT.
To our knowledge, the dynamic characteristics of the baroreflex central pathway were first examined by Kubo et al. in 1996 in rabbits (16) . They determined the transfer function from aortic depressor nerve (ADN) electrical stimulation to SNA and concluded that the central pathway has nonderivative or all-pass characteristics. In other words, the central pathway of the aortic baroreflex does not significantly modify the relative amplitude of the frequency components but provides a fixed time delay. Petiot et al. (21) also examined the dynamic characteristics of the SNA response to ADN stimulation, but in rats, and found that the central arc shows derivative characteristics. That is to say, the relative amplitude of the frequency components increases as the modulation frequency increases. The authors concluded that the derivative characteristics of the central arc allow the dynamic rhythms of baroreceptor afferent activity to be translated into fast oscillations in renal SNA. Is a species difference (rabbits vs. rats) alone enough to explain the contrasting conclusions of these two studies? One concern about both studies is that there was no attempt to selectively stimulate one of the two types of baroreceptor afferents: myelinated (A-fiber) and unmyelinated (C-fiber) afferents. In addition to the differences in baroreceptor transduction properties such as threshold pressure and firing frequency (4, 11, 20, 24, 25) , there are significant differences in the dynamic characteristics between A-fiber and C-fiber central pathways (27) . The A-fiber central pathway has strong derivative characteristics, whereas the C-fiber central pathway exhibits relatively weak derivative characteristics. Hence, we would argue that the central pathway of the arterial baroreflex can display both nonderivative and derivative characteristics, which is determined by the subtype of the baroreceptor that is activated. The stimulation protocols of the two preceding studies may have inadvertently recruited more activity from one type of baroreceptor afferent.
Our previous study (27) emphasizes the importance of the C-fiber central pathway in sustained SNA regulation compared with the A-fiber central pathway. However, investigations on the central pathways of A-and C-fiber baroreceptors are not currently available in animal models of hypertension. A clearer understanding of the dynamic characteristics of A-and C-fiber central pathways in animal models of hypertension may aid in our understanding of the mechanisms involved in BAT and identify baroreflex characteristics that may indicate nonresponders to BAT. The aim of the present study was to therefore compare the dynamic characteristics of A-and C-fiber central pathways between spontaneously hypertensive rats (SHR) and their normotensive control Wistar-Kyoto rats (WKY). In addition, dynamic input-output characteristics from SNA to AP and those from ADN stimulation to AP were compared between WKY and SHR to comprehend the dynamic AP regulation during ADN stimulation.
MATERIALS AND METHODS
Animals. Experiments were conducted in eight male WKY and eight male SHR aged between 12 and 15 wk old (300 -400 g). Animal care was provided in strict accordance with the Guiding Principles for the Care and Use of Animals in the Field of Physiological Sciences, approved by the Physiological Society of Japan. All protocols were reviewed and approved by the Animal Subject Committee of the National Cerebral and Cardiovascular Center, Osaka, Japan.
Animal preparation. Each rat was anesthetized with an intraperitoneal injection (2 ml/kg) of a mixture of urethane (250 mg/ml) and ␣-chloralose (40 mg/ml), and mechanically ventilated with oxygenenriched room air. A venous catheter was inserted into the right femoral vein and a 20-fold diluted solution of the above anesthetic mixture was administered to maintain anesthesia (2-3 ml·kg Ϫ1 ·h Ϫ1 ). A second venous catheter was inserted into the left femoral vein for infusion of hexamethonium bromide (C6), a ganglionic blocker, to silence SNA at the end of the experiment. An arterial catheter was inserted into the right femoral artery to measure AP. Body temperature of the animal was maintained at ϳ38°C with a heating pad. SNA was recorded from a postganglionic branch of the splanchnic sympathetic nerve as described previously (27) .
Bilateral vagal nerves, carotid sinus nerves, and ADNs were sectioned to avoid any confounding effects on SNA and AP mediated by native cardiopulmonary and arterial baroreflexes. The sectioned central end of the left ADN was placed on a pair of stainless steel wire stimulating electrodes (Bioflex wire; AS633; Cooner Wire) and covered with silicone glue (Kwik-Sil; World Precision Instruments). The electrodes were attached to an electrical stimulator (model SEN-7203; Nihon Kohden, Tokyo, Japan) through a stimulus isolation unit (model SS-102J; Nihon Kohden).
Stimulation protocol. After hemodynamic stabilization, a 20-min measurement of prestimulation AP and SNA was conducted. Dynamic stimulation protocols were conducted under control conditions and after a 20-min perineuronal application of 1 mol/l resiniferatoxin (RTX; LC Laboratories) to the left ADN central to the stimulation site. This dose of RTX can irreversibly block C-fiber conduction without significantly interfering with A-fiber conduction (23) . The left ADN was stimulated for 20 min using two different types of stimulation protocols (27) . In both protocols, the stimulation frequency was switched between two predefined frequency values every 500 ms according to a computer generated binary white noise sequence. The pulse duration of the stimulation was fixed to 0.1 ms. A low-voltage (3 V) and high-frequency (switched either 20 or 100 Hz) stimulation (A-BRx) protocol was used to chiefly estimate dynamic characteristics of the A-fiber baroreceptor central pathway. A high-voltage (20 V) and low-frequency (switched either 0 or 10 Hz) stimulation (C-BRx) protocol was used to estimate dynamic characteristics of the C-fiber baroreceptor central pathway. These voltages were selected to activate only A fiber (low voltage) or both A and C fibers (high voltage) (6, 8) . The high-voltage setting is a supramaximal stimulation that is well above the required stimulation intensity to initiate C-fiber baroreceptor action potentials, thus ensuring complete recruitment of C-fiber baroreceptors in the ADN.
Data analysis. Data were sampled at 200 Hz using a 16-bit analog-to-digital converter. The noise level of SNA was determined by a 10-s average of the SNA signal after intravenous C6 (60 mg/kg) administration and was defined as zero (14) . SNA was normalized by defining the SNA level during the 20-min baseline recording before dynamic ADN stimulation as 100%. Based on 10-Hz resampled data, the transfer function from ADN stimulation to SNA and that from SNA to AP were estimated by using a standard open-loop transfer function analysis (2, 27) . The former is referred to as the central arc transfer function and the latter as the peripheral arc transfer function in this paper. The transfer function from ADN stimulation to AP was also estimated and is referred to as the Stim-AP arc transfer function.
Statistical analysis. All data are presented as means Ϯ SE. Changes in mean AP levels were examined among prestimulation, A-BRx, and C-BRx protocols using repeated-measures ANOVA with Bonferroni correction applied for multiple comparisons. Changes in mean SNA were examined with one sample t-test and paired t-test with Bonferroni correction applied for post hoc comparisons among conditions of prestimulation, A-BRx, and C-BRx stimulation. The transfer function values (dynamic gain and phase) at 0.01, 0.1, and 1 Hz, and the slope of dynamic gain between 0.1 and 1 Hz (G slope) were compared between WKY and SHR using an unpaired t-test. Coherence values were compared using Friedman's test with post hoc Dunn's multiple comparison test. Differences were considered to be significant at P Ͻ 0.05 for all statistical analysis.
RESULTS
Typical experimental traces obtained from WKY and SHR during prestimulation, A-BRx, and C-BRx protocols are shown in Fig. 1 , A and B, respectively. SNA averaged during prestimulation was assigned to 100%. In WKY, C-BRx lowered mean SNA and AP levels compared with those during prestimulation and during A-BRx (Table 1) . In contrast, C-BRx lowered mean AP compared with prestimulation levels in SHR, but mean AP during C-BRx was not significantly different from A-BRx levels. SNA levels during C-BRx were lowered compared with prestimulation but were not significantly different between prestimulation and A-BRx in SHR (Table 1) .
Central arc transfer functions. Figure 2 depicts the central arc transfer functions obtained from A-BRx and C-BRx protocols in WKY and SHR. The transfer functions estimated by A-BRx reveal derivative characteristics in both WKY and SHR, i.e., the dynamic gain increased with increasing modulation frequency in the range above ϳ0.1 Hz. The phase was close to Ϫ radians at 0.01 Hz, which reflects the out-of-phase relationship between ADN stimulation and the SNA response. The coherence was reduced in the lower modulation frequencies and Ͻ0.3 at 0.01 Hz in both WKY and SHR. The dynamic gain at 0.1 Hz was lower, G slope higher, and phase at 1 Hz slightly less delayed in SHR compared with WKY ( Table 2 ). The central arc transfer function estimated by C-BRx reveals nonderivative characteristics in WKY (Fig. 2) , i.e., the dynamic gain did not change much with differing modulation frequencies, yielding a G slope of 0.66 Ϯ 1.15 dB/decade. In contrast, the central arc transfer function estimated by C-BRx displayed derivative characteristics in SHR, with G slope of 8.61 Ϯ 0.64 dB/decade (Fig. 2) . The dynamic gain at 0.01 Hz was significantly lower in SHR than in WKY ( Table 2 ). The phase approached Ϫ radians at 0.01 Hz and delayed with increasing modulation frequency for both WKY and SHR. The phase at 1 Hz in SHR was slightly less delayed compared with WKY. The coherence was relatively high at all modulation frequencies in WKY. The coherence at 0.01 Hz was significantly lower in SHR compared with WKY.
Peripheral arc transfer functions. The peripheral transfer function from SNA to AP, estimated during A-BRx or C-BRx ( Fig. 3) protocol, shows low-pass characteristics in both WKY and SHR, i.e., the dynamic gain decreases as the modulation frequency increases in the range above ϳ0.05 Hz. The phase of the peripheral arc transfer functions approached zero radians at 0.01 Hz, reflecting the fact that an increase in SNA increases AP. The phase was delayed by almost 2 radians as the modulation frequency increased to 1 Hz. For the peripheral arc transfer functions estimated during A-BRx, the dynamic gain was higher at all modulation frequencies in SHR compared with WKY (Table 3 ). The overall characteristics of the phase plot were similar, but the phase at 0.1 Hz was less delayed in SHR compared with WKY. For the peripheral arc transfer functions estimated during C-BRx (Fig. 3) , the dynamic gain was higher at 0.01 and 0.1 Hz in SHR compared with WKY (Table 3) .
Stim-AP arc transfer functions. The Stim-AP arc transfer functions, estimated by either A-BRx or C-BRx protocol, show low-pass characteristics in both WKY and SHR (Fig.  4) . The phase approached Ϫ radians at 0.01 Hz, reflecting the fact that ADN stimulation decreases AP. For the Stim-AP arc transfer functions estimated by A-BRx (Fig. 4) the dynamic gain at 0.1 Hz was higher, the phase at 0.1 Hz less delayed, and the coherence higher at 1 Hz in SHR compared with WKY (Table 4 ). For the Stim-AP arc transfer functions estimated by C-BRx (Fig. 4) , the dynamic gain and coherence at 0.1 Hz were higher in SHR compared with WKY.
DISCUSSION
The primary findings of this study are as follows: first, dynamic characteristics of the A-fiber central pathway were normal or possibly enhanced in SHR compared with WKY. Second, dynamic characteristics of the C-fiber central pathway at low-modulation frequencies were attenuated in SHR compared with WKY. Third, dynamic gain of the peripheral arc transfer function, describing the AP response relative to percent changes in SNA, was twice as high in SHR compared with that in WKY. Finally, the Stim-AP arc transfer function estimated by C-BRx protocol showed significantly higher dynamic gain in SHR than in WKY at modulation frequency of 0.1 Hz and above.
Dynamic characteristics of A-and C-fiber central pathways in WKY and SHR.
The A-fiber central pathway shows derivative characteristics in both WKY and SHR. The value of G slope is higher in SHR than in WKY, suggesting that the A-fiber characteristics may be enhanced in SHR (Table 2) . Although the low coherence in the lower modulation frequencies during A-BRx may be in part attributable to the derivative characteristics of the transfer function itself (see APPENDIX for theoretical considerations), it most likely means that the A-fiber central pathway did not contribute much to the SNA regulation at these low-modulation frequencies.
The C-fiber central pathway in WKY showed nonderivative or all-pass characteristics. Although the relatively constant and high coherence in all modulation frequencies during C-BRx in WKY may be in part explained by the nonderivative characteristics of the transfer function itself (see APPENDIX for theoretical considerations), it suggests that the C-fiber central pathway governed the SNA regulation in the low-modulation frequencies as well as in the high-modulation frequencies.
In contrast to WKY, the central arc transfer function estimated by C-BRx shows weak derivative characteristics in SHR, which is associated with lower coherence in the lower modulation frequencies. This means that the C-fiber central pathway governed the SNA regulation in the lower modulation frequencies relative to the A-fiber central pathway in SHR but not as tightly as that in WKY. Although dynamic gain of the central arc transfer function estimated by C-BRx was lower at 0.01 and 0.1 Hz in SHR compared with WKY (Table 2) , this comparison depends on the normalization of SNA. Therefore, this difference needs to be interpreted as a relative comparison with the central arc transfer function estimated by A-BRx in which the dynamic gain did not differ between WKY and SHR at 0.01 Hz.
The differences in dynamic characteristics of A-and C-fiber central pathways between WKY and SHR may be associated with the composition of the ADN. Fazan et al. (8) and Fan et al. (7) investigated the morphological aspects of A-and C-fiber afferents in the ADN and found that while the total number of A-fiber axons was the same, there were significantly fewer C-fiber axons in SHR compared with WKY. They suggested that because C-fibers are important for the tonic inhibition of the medullary vasomotor centers, a reduced number of C-fibers could contribute to the increased baseline SNA observed in SHR. The properties of C-fiber axons could be different between WKY and SHR, or otherwise, it may be the case that a certain mass of C-fiber axons is required to produce the nonderivative characteristics typical to the C-fiber central pathway. The present study also revealed contrasting results on two normotensive strains of rats as follows. The central arc transfer function estimated by C-BRx protocol in WKY displayed nonderivative characteristics (Fig. 2) , while weak derivative characteristics with G slope of 7.21 Ϯ 0.79 dB/decade were observed in Sprague-Dawley (SD) rats (27) . A consistent observation in our laboratory, using a carotid bifurcation isolation procedure, is that an increase in baroreceptor region pressure up to 180 mmHg results in the SNA reduction to ϳ10% of the maximal SNA in WKY (14, 30) . In contrast, the same intervention only reduces SNA to ϳ40% in SD rats (12, 13) . Because C-fiber baroreceptors typically function at highpressure levels (24, 25) , the difference in the maximum SNA suppression suggests larger contribution of C-fiber baroreceptors to the SNA regulation in WKY compared with SD rats. Again, the dynamic properties of C-fiber axons could be different between WKY and SD rats, or otherwise, the mass of C-fiber axons may be different between WKY and SD rats and affected the degree of nonderivative characteristics.
In agreement with our previous study (27) , we confirmed that the periaxonal application of RTX had no significant effect on the neural arc transfer functions obtained by A-BRx in both WKY and SHR (data not shown). However, the coherence of the neural arc transfer obtained from C-BRx was reduced to Ͻ0.20 after RTX in both WKY and SHR at all modulation frequencies of interest, which indicates that our stimulation protocols were selective for the respective fiber types. Dynamic characteristics of the peripheral arc from SNA to AP in WKY and SHR. In the peripheral arc transfer function, estimated during either A-BRx or C-BRx protocol, dynamic gain was approximately two times higher in SHR than in WKY. This means that the same amount of percent change in SNA would produce twice as large AP response in SHR compared with WKY. The dynamic gain of the peripheral arc can vary dependent on how SNA was normalized. In a previous study, when SNA was normalized so that the dynamic gain of the neural arc transfer function from baroreceptor pressure input to SNA averaged Ͻ0.03 Hz became 100%, the dynamic gain of the peripheral arc transfer function at 0.01 Hz did not differ significantly between WKY and SHR (15) . In the present study, except for the difference in the dynamic gain, the overall low-pass characteristics of the peripheral arc transfer function were similar between WKY and SHR, suggesting preserved dynamic characteristics of the baroreflex peripheral arc as shown by Kawada et al. (15) .
Dynamic characteristics of Stim-AP arc in WKY and SHR. The Stim-AP arc transfer function is calculated in absolute units (mmHg/Hz) and, as such, does not have the problem of normalization when interpreting data. In contrast to the peripheral arc transfer function, dynamic gain at 0.01 Hz, which is an approximate of the steady-state gain of the system response, did not differ between WKY and SHR, in both A-BRx and C-BRx protocols. The results are, in a sense, are compatible with no significant difference in the transfer function of the total reflex arc determined by baroreceptor pressure input between WKY and SHR (15) . The main difference between WKY and SHR in the Stim-AP arc is observed in the modulation frequency of 0.1 Hz and above, both in A-BRx and C-BRx protocols. This augmentation of the dynamic gain of the Stim-AP arc in the higher modulation frequencies indicates that the higher G slope of the central arc transfer function in SHR than in WKY is functionally significant in AP regulation.
Limitations. While the present study provides insight into how electrical activation of the arterial baroreflex relates to changes in SNA and AP in SHR, there are some limitations to consider. First, action potential trains from electrical stimulation have a significantly different profile from those evoked by natural pressure stimulation of A-and C-fiber baroreceptors, as such our findings may not be directly translatable to the normal baroreflex function. Second, we investigated the responses to electrical stimulation of the ADN in anesthetized rats. Anesthesia may affect SNA; therefore, our results might differ had the experiments been performed in conscious animals. Third, splanchnic SNA may not accurately represent baroreflex control of SNA to other organs, such as the heart or kidneys (19, 22, 28) , and therefore may not be able to represent common activity for AP regulation. However, our laboratory has previously shown, by simultaneously recording from splanchnic and renal nerves, that the static characteristics of the carotid sinus baroreflex control of splanchnic and renal SNA were very similar (13) . The regression lines for renal SNA (y) vs. splanchnic SNA (x) had r 2 values Ͼ0.99, which indicates that both splanchnic and renal SNAs can represent similar SNA for AP regulation. Further investigation of other sympathetic nerves using the dynamic protocols in the present study is required to verify our observations. Finally, we sectioned vagi to remove the influences of cardiopulmonary reflexes on SNA thus opening the arterial baroreflex negative feedback loop. Consequently, the Stim-AP arc transfer function did not include contribution from vagal cardiovascular regulation. Further investigation is required to identify how selective stimulation of A-and C-fiber baroreceptors affects the vagal limb of the arterial baroreflex.
Perspectives and Significance
BAT uses electrical stimulation of baroreceptor afferents to lower AP in resistant hypertensive patients (9, 10) . While long-term reductions in AP have been observed with BAT (1), the mechanisms involved have still not been completely identified. Furthermore, some resistant hypertensive patients do not respond to BAT (29) and identifying suitable candidates is essential for future application of this treatment. We speculate that the long-term reduction in AP by electrical activation of baroreceptors may rely on the activation of C-fiber baroreceptors (27) . The C-fiber baroreceptor central pathway may be dysfunctional in SHR, which resulted in attenuated baroreflex function in the lower modulation frequency range (0.01-0.1 Hz). In contrast, the A-fiber baroreceptor central pathway is normal or possibly enhanced in SHR, which resulted in normal or enhanced baroreflex function in the higher modulation frequency range (0.1-1 Hz). If long-term reduction in SNA and AP by electrical activation relies on C-fiber central pathways, then BAT may not effectively reduce SNA and AP in SHR despite normal A-fiber central pathway function. Whether the difference in the dynamic characteristics of the C-fiber central pathway between WKY and SHR affects the long-term SNA and AP reduction from BAT needs to be examined in the future. Investigation of both A-fiber and C-fiber function is critical for comparisons of arterial baroreflex function between normotensive animals and animal models of hypertension.
APPENDIX
Relationship between estimated transfer function and coherence. Magnitude squared coherence is a frequency-domain measure of linear dependence of an output signal on an input signal and is calculated as a ratio of the power of the linearly predicted output signal, which is derived from the estimated transfer function, to the total power of measured output signal. The transfer function, H(f), and the magnitude squared coherence, Coh(f), are calculated as follows (2) .
H͑f͒ ϭ E͓Y͑f͒X͑f͒
where X(f) and Y(f) are the Fourier transforms of input and output signals, respectively. E[ѧ] indicates ensemble averaging operation over several data segments. X(f)* is the complex conjugate of X(f).
Note that H(f) is assumed to be invariant over the segments,
When the linearly predicted output signal, H(f)X(f), is identical to the measured output signal, Y(f), the coherence becomes unity at all modulation frequencies. On the other hand, when the power of linearly predicted output signal is negligibly small compared with the power of measured output signal, the coherence reduces to zero. In the white noise analysis of a system, the coherence and the transfer function characteristics are not entirely independent of each other as discussed in the following paragraphs.
Suppose that a system is activated with a white noise input signal that has nearly uniform power spectral density over the frequency of interest. If the system has derivative characteristics, the power of the linearly predicted output signal in the lower modulation frequencies becomes lower compared with that in the higher modulation frequencies. This yields low coherence in the lower modulation frequencies in the presence of an input-unrelated output signal with relatively uniform power spectral density over the frequency of interest. Although other scenarios such as the uniform power of the linearly predicted output signal and the larger low-frequency power of the inputunrelated output signal would also result in the low coherence in the lower modulation frequencies, the derivative characteristics observed in the central arc transfer function estimated by A-BRx protocol themselves likely contribute to the low coherence in the lower modulation frequencies in the present study.
On the other hand, if the system has nonderivative or all-pass characteristics, the power spectral density of the linearly predicted output signal in response to a white noise input signal becomes relatively uniform over the frequency of interest. This yields relatively constant coherence at all modulation frequencies in the presence of an input-unrelated output signal with relatively uniform power spectral density over the frequency of interest. Although other scenarios such as the larger high-frequency power of the linearly predicted output signal and the equally larger high-frequency power of the inputunrelated output signal would also produce the relatively constant coherence over the frequency of interest, the nonderivative characteristics observed in the central arc transfer function estimated by C-BRx protocol in WKY may in part contribute to the relatively constant coherence at all modulation frequencies.
While the above discussion suggests an association between the profile of the transfer function and the coherence during white noise intervention, the association is not always true. For instance, although the central arc transfer function estimated by C-BRx showed derivative characteristics after RTX in our previous study (27) , the coherence remained low in the higher modulation frequencies. In this case, the contribution of the linearly predicted output signal to the measured output signal might have remained low in the higher modulation frequencies due to the reduced dynamic gain after RTX.
Relationship between coherence and estimation error of transfer function. The normalized random error, ε(f), of the transfer function gain and phase is obtained as (2):
where nd is the number of averages of distinct (nonoverlapping) records for calculating the transfer function. This equation indicates that lower coherence produces larger estimation error of the transfer function.
